The production of cues that indicate the identity of the sender represents an important aspect of recognition because it may mediate kin recognition and altruism. Although kin recognition cues have often been studied in social insects, only a few studies have reported kin recognition in solitary insects. Furthermore, contrary to cues used for parent-offspring recognition, cues involved in sibling recognition in solitary insects have received far less attention. Here we report that the solitary parasitoid larvae of a non-social insect, Aleochara bilineata Gyll (Coleoptera: Staphylinidae), use a chemical cue to recognize their sibs. This cue is present on the plug placed by resident larvae on the host puparium during the parasitization process. When plugs from sib larvae or unrelated larvae are placed on healthy hosts, larvae preferentially parasitize hosts bearing unrelated larvae plugs. When plugs are washed in hexane, larvae no longer display any preference between sib and unrelated larvae plugs. The extraction of the kin recognition chemicals is confirmed by the larval recognition of healthy hosts bearing a hexane extract of sib-parasitized pupae. This nonpolar chemical cue is short lived and is no longer recognized 24 h after having been deposited on the host puparium by larvae. The longevity of the cue used in kin recognition fits precisely the period when a larva may superparasitize a host. The adaptiveness of this cue and its potential source in the larvae are discussed. [Behav Ecol 21:633-638 (2010)] K in discrimination, where an individual recognizes and favors genetically related individuals, requires 3 components: 1) The sender must bear or express a kin-specific cue (production), 2) the receiver must possess a kin recognition mechanism allowing the cue identification (perception), and 3) the receiver should express a differential treatment toward the recognized individual (action) (Gamboa, Reeve, Ferguson, and Wacker 1986; Gamboa, Reeve, and Pfennig 1986; Waldman 1988; Reeve 1989) . The production of a cue that indicates the identity of the sender represents an important issue because it may mediate kin recognition and thus have a significant impact on the fitness of the sender benefiting from altruistic acts (Beecher 1982) . Studies on cues involved in kin discrimination have to deal with 2 separate questions: 1) whether the sensory cues used have a genetic basis and/or are environmentally acquired and 2) whether these cues are individually distinct or shared by genetically related individuals (Halpin and Hoffman 1987; Halpin 1991) . Kin recognition ability in invertebrate species generally involves common cues shared by kin groups (Lihoreau et al. 2007; Lihoreau and Rivault 2009) , such as colony odors in social insects (Gamboa 1996; Queller and Strassmann 2002; Gamboa 2004) . When a worker is born into a colony, it is surrounded by the odors of nest mates and nest material, so the worker can learn these cues as a template for later reference in different contexts (Lacy and Sherman 1983; Gamboa 1996; Clément and Bagnères 1998; Gamboa 2004; Mateo 2004) . Broadly categorized, recognition cues are of either extrinsic or intrinsic origin with respect to the cue bearer. An extrinsic cue is acquired, whereas an intrinsic cue is endogenous, and their origin may be environmental and/or genetic (reviewed in Gamboa, Reeve, Ferguson, and Wacker 1986; Gamboa, Reeve, and Pfennig 1986; Fletcher 1987; Gamboa 1996 Gamboa , 2004 Dronnet et al. 2006) . Of greatest theoretical interest are intrinsic cues that may function without any previous experience of them (Fletcher 1987 ). However, they may be difficult to identify because ensuring that discriminating individuals really did not have a previous experience with the cues early in life is often impossible.
Cues used to recognize kin from nonkin may be visual, olfactory, or auditory. In social insects, cues used in kin discrimination rely on chemoreception and are frequently associated with epicuticular hydrocarbons (Hölldobler and Michener 1980; Hepper 1986; Wagner et al. 2000; Howard and Blomquist 2005; Breed and Buchwald 2009; Blomquist and Bagnères, 2010) . Hydrocarbons are generally the more common and abundant compounds found on the cuticle. Cuticular hydrocarbons have been shown to play a major role as recognition cues because of their chemical stability, low volatility, and structural diversity allowing a great variability in the cuticular compound composition (Blomquist et al. 1987; Dani et al. 2001; Blomquist and Bagnères, 2010) . Although kin recognition cues have been extensively studied in social Hymenopterans, such as ants, social wasps, and bees, little is known about the potential cues used by solitary insects. Indeed, only a few studies have reported kin recognition in a solitary insect Reeve 1989, 1993; Lihoreau et al. 2007; Lihoreau and Rivault 2009) . Furthermore, contrary to cues used for parent-offspring recognition, cues involved in sibling recognition in solitary insects have received little attention (Halpin 1991) .
The solitary larvae of Aleochara bilineata (Coleoptera: Staphylinidae) develop as pupal parasitoids of cyclorraphous flies, including the cabbage root fly, Delia radicum (Colhoun 1953) . In contrast to the great majority of Hymenopteran parasitoids, A. bilineata females do not lay their eggs directly in or on a host but in locations likely to harbor hosts. First instar larvae must then actively search for a host (Fournet et al. 2001 ). When finding a suitable host, the larva gnaws its way through the hardened puparium and settles in the space between the puparium and the nymph. Then, it closes the entrance hole by excreting a viscous substance through the anus, which serves as a plug (Fuldner 1960) . The time necessary for the piercing and plugging processes are very variable (12-36 h and 6-12 h, respectively) (Colhoun 1953; Fuldner 1960) . Only 1 larva can develop per host, any host intruder being attacked by the resident larva until only 1 competitor remains or both die (Fuldner 1960; Salt 1961) . Foraging larvae are able to discriminate between healthy and parasitized hosts, and avoid the latter when given enough host choice, time and physiological reserves (Royer et al. 1999) . In a previous study, we showed that the plug made by first instar A. bilineata larvae for closing their entrance hole through the host puparium play a key role in kin recognition (Lizé et al. 2006 ). In the same study, we also showed that the kin recognition cue used by these larvae is not water soluble.
In the present study, we further explored the role and nature of the plug. By transferring plugs from one host with another, we investigated parasitism choice of A. bilineata larvae confronted to healthy hosts bearing either plugs from sib larvae or plugs from unrelated larvae. We also addressed the polar/apolar properties of the cue carried by the plug and tested its durability.
MATERIAL AND METHODS
Host and parasitoid rearing D. radicum fly populations (host) were established in the laboratory from flies collected in the field at St Méloir des Ondes (Brittany, France) during the summer 1994. The brood was reared using the method described in Neveu et al. (1996) . The A. bilineata strain was also established using individuals collected at St Méloir des Ondes during the summer 2002. They were reared according to the method described in Hertveldt et al. (1984) . Both rearings are refreshed yearly with new field-captured individuals coming from the same populations.
The parents of the larvae used in the experiments were obtained as follows: Parasitized pupae were isolated in an Eppendorf tube (Kartell Spa, Noviglio, MI; high: 38 mm, diameter: 10 mm) until adult emergence. Emergences were checked every 24 h, and virgin adults were placed together in order to observe mating. After mating, each pair of parents was isolated in an aerated circular dish (Caubère, Yèbles, France; high: 25 mm, diameter: 80 mm) with food ad libitum. Two black pieces of cloth were dampened and placed at the bottom of the dish. Eggs laid on the cloth were collected twice a week. Each egg was isolated in a Beem capsule (Agar Scientific, Stansted, UK; high: 14 mm, diameter: 7 mm) according to the family it came from. Eggs were checked daily for hatching and larvae remained isolated until the beginning of the experiments. Only first instar larvae aged less than 24 h were used in the experiments. A total of 30 different pairs of parents were used in these experiments.
Parasitization procedure
To obtain parasitized hosts, we placed a healthy D. radicum pupa in moist sand in a small dish (Caubère; high: 8 mm, diameter: 26 mm). A 0-to 24-h-old larva was then placed on top of the sand, and the dish was closed. The process was stopped 72 h later by removing the pupa. This parasitization procedure was used to ensure that larvae had enough time to find the host, estimate its quality, pierce an entrance hole (12-36 h), and plug it (8-12 h). Thus, all the plugs used in our treatments were between 0-and 12-h old. Pupae were then rapidly washed in water using a paintbrush and checked under a dissecting microscope to assess parasitization status. This water washing did not alter kin recognition by larvae (Lizé et al. 2006) . Only hosts parasitized by first instar larvae were used. The parasitization procedure was the same for all treatments.
Plug dissection and treatments
After parasitization, the pupae bearing a plug were randomly allocated to one of 4 different treatments. For the first 3 treatments, the half of the host puparium bearing the larval plug was isolated from the fly nymph, cut from the rest of the puparium, and washed in water to remove nymphal substances. Then, it was either 1) used immediately (n ¼ 31, N ¼ 51), or 2) washed for 1 min in pure hexane before being placed in water and allowed to dry for a few minutes to remove hexane molecules (n ¼ 24, N ¼ 56), or 3) allowed to air dry for 24 h (n ¼ 42, N ¼ 64). For the fourth treatment, entire parasitized pupae, bearing plugs excreted by sib larvae, were washed together in pure hexane for 20 min (1 pupa for 0.1 ml of hexane) (n ¼ 93, N ¼ 2121). The hexane extract obtained was used in this treatment. The n in these experiments corresponds to larvae that did parasitize one of the 2 hosts provided in the behavioral choice tests described below, while the N represents the total number of tested larvae.
Behavioral tests
For the first 3 treatments, the half puparium bearing the plug was placed as a sheath covering only half the puparium of an unparasitized D. radicum pupa to reproduce as much as possible the size and aspect of a parasitized pupa. Two unparasitized pupae thus partially covered by half puparia bearing larval plugs were then provided in choice test experiments. In each test, 1 larva had to choose between a host covered by a half puparia bearing a sib plug and a host covered by a half puparia bearing a plug produced by an unrelated larva.
For the fourth treatment, 2 unparasitized pupae were coated with 10 ll of a hexane extract from either 1) sib-parasitized pupae or 2) pupae parasitized by unrelated larvae. The 2 hosts were then placed horizontally on a thin layer of moist sand in a small dish and then covered by moist sand (1 vol water/4 vol sand) up to the rim of the dish. A 0-to 24-h test larva was deposited at the center of the dish at an equal distance from the 2 buried hosts, and the dish was closed. The experiment was stopped 96 h later, the pupae were cleaned, and the hosts were observed as described above to determine parasitism status. Because the lifetime of A. bilineata first instars is on average 96 h, unrecovered larvae were considered to have starved to death at that time and were not taken into account in statistical analyses.
Statistical analyses
G-tests were realized, using the software R 2.2.1 (Ihaka and Gentleman 1996) , to compare the number of hosts parasitized in all the dual choices.
RESULTS

Influence of kin plug on healthy host choice
The larvae more frequently avoided healthy hosts bearing a sib plug than those bearing an unrelated plug (Figure 1 ). Of the 31 larvae that entered into a host, 23 (74%) parasitized the host bearing the unrelated plug rather than those covered by a sib plug (G ¼ 7.57, 1 degrees of freedom [df], P , 0.01). Moreover, the larvae more frequently avoided healthy hosts coated with a hexane extract from sib-parasitized pupae than 634 Behavioral Ecology from those parasitized by unrelated larvae (Figure 2 ). Of the 93 larvae that entered into a host, 63 (67.7%) parasitized the host bearing the hexane extract of pupae parasitized by unrelated larvae (G ¼ 11.98, 1 df, P , 0.001).
Properties of chemical cues involved in kin recognition
When plugs were washed with pure hexane, the larvae no longer discriminated hosts bearing a sib plug from those bearing an unrelated plug (G ¼ 0, 1 df, P ¼ 1) (Figure 3 ).
Durability of kin recognition cues
When plugs were 24-h old, the larvae no longer discriminated hosts bearing a sib plug from those bearing an unrelated plug (24 h, G ¼ 2.19, 1 df, P . 0.05) (Figure 4 ).
DISCUSSION
Role of kin plug in host acceptation
Our results confirm that plugs deposited by A. bilineata larvae on host puparia during parasitization play a key role in kin discrimination. Even unparasitized (i.e., highest quality) hosts are more frequently avoided when they bear a kin plug. Our results also confirm that the presence of a kin larva inside the host is not required for kin recognition. Indeed, our previous study showed that kin recognition did not depend on chemical(s) that could be perceived through the puparium or deposited on the puparium before host penetration because no kin recognition took place when the entrance hole was still completely open (Lizé et al. 2006) . Moreover, we demonstrated that the kin recognition cue corresponds to chemicals present in the plugs, although excluding the potential Figure 1 Parasitism rates of healthy hosts bearing either a plug produced by a sib (white bar) or a plug produced by an unrelated larva (gray bar) (n ¼ 31, N ¼ 51). **P , 0.01 (G-test), error bars: standard errors.
Figure 2
Parasitism rates of healthy hosts coated with 10 ll of a hexane extract of either sib-parasitized pupae (white bar) or pupae parasitized by unrelated larva (gray bar). Hexane extract was obtained by washing parasitized pupae (1 pupa for 0.1 ml of hexane) in pure hexane during 20 min (n ¼ 93, N ¼ 121). ***P , 0.001 (G-test), error bars: standard errors. physical influence of the plug. Indeed, when a hexane extract of pupae parasitized by either 1) a sib or 2) an unrelated conspecific was applied on healthy hosts, the larvae parasitized preferentially the hosts bearing the latter. Therefore, in this species, kin recognition cues are not carried by the larva per se but secreted by it when closing its entrance hole. In the plug transfer experiment, where hosts were in fact unparasitized, larval mortality by starvation (refusal to parasitize any host) was high (39%) and comparable with that (54%) observed in true superparasitism experiments where the 2 hosts proposed were genuinely parasitized, one harboring a sib and the other an unrelated larva (Lizé et al. 2006) . This indicates that the larval plug is also used to distinguish healthy hosts from already parasitized hosts, as already been suggested by Royer et al. (1999) .
Chemical properties of kin plugs
We previously showed that washing the plug with water did not alter the kin recognition chemicals used by larvae (Lizé et al. 2006) . Thus, the chemicals used in the kin recognition process of A. bilineata are not water soluble. However, they are soluble in hexane because in the present experiments, larvae no longer display kin recognition when plugs are washed in hexane. In our experiments, mortality (i.e., host rejection) was high (39%) when a larval plug was placed on a healthy host, and it remained high (57%) even after plugs were washed in hexane. This high rejection could indicate that washing the plugs with hexane removes the marker of kinship but not that of parasitization status. The experiment where we applied hexane extracts on healthy hosts seems to confirm this hypothesis. Indeed, the rejection rate observed in this experiment was low (24%). Therefore, in this species, host discrimination (i.e., recognition of parasitization status) could involve physical cues associated with the plug or chemicals not soluble in hexane, whereas kin discrimination only relies on hexane soluble compounds.
For a blend of compounds to be effective as a recognition cue, it must 1) be perceptible by others, 2) be distinguished from other compounds, 3) vary in concentration or in nature among families, 4) be relatively stable over time in terms of concentration, and 5) not interfere or conflict with other pheromonal uses (Smith and Breed 1995) . The first 2 criteria are met in A. bilineata larvae because kin recognition is established, and our results demonstrate the key role of compounds present in the larval plugs. Also, compounds involved in kin recognition in A. bilineata seem short lived because their efficiency disappears after 24 h, which does not fulfill criterion 4. However, the kin recognition cues used by A. bilineata larvae should only play a role while the resident larvae is still at the first instar; accordingly, they need not be stable over extended periods of time (see Durability of kin recognition cue section). Many studies on social insects assume that compounds matching criterion 3 serve as recognition cues, meaning that if different compounds are found at the individual, family, or colony levels, they should correspond to kin recognition cues (Smith and Breed 1995) . In the solitary Hymenopteran parasitoid Venturia canescens, adult females are able to discriminate between hosts parasitized by 1) themselves, 2) a related female, and 3) a conspecific female (Marris et al. 1996) . This kin recognition ability is induced by hydrocarbons deposited by the female in the host (Marris et al. 1996) . In A. bilineata, hydrocarbons deposited by the larva during the plugging process could be involved in kin recognition. Detailed chemical analysis at the family level of chemical compounds present in the plug would be needed to determine the nature of the kin recognition cue used in this species.
Source of the kin recognition cue
Hydrocarbons involving kin recognition seem to be produced not only by the cuticle but also by the Dufour's gland in Polistinae wasps and the postpharyngeal gland in Formicinae (Breed and Bennett 1987; Singer and Espelie 1992; Lenoir et al. 1999; Abdalla and Cruz-Landim 2001; Bagnères and Blomquist, 2010) . In A. bilineata, the plug excreted by the resident larvae after entering a host corresponds primarily to the product of the gut reserves accumulated during egg development (Fuldner 1960) . Thus, it is mainly composed of feces and products of the Malpighi system (Fuldner 1960; Bromand 1980) . Although Dufour's glands are not described in A. bilineata larvae, a pair of glands has been located near the anus in the pygopod (Fuldner 1960) . The compounds produced by these pygidial glands have been suspected by Royer et al. (1999) to serve as parasitism marker as demonstrated in some solitary Hymenopteran parasitoid females. In ants, the pygidial glands participate in the elaboration of trail substances, which might act as a mass recruiting pheromone or as a stimulant for nest mates to leave their nest (Maschwitz and Schönegge 1983; Hölldobler and Wilson 1990; Hölldobler et al. 1992 ). Here we hypothesize that they could also be involved in the production of kinship markers by producing family-specific compounds.
Studies of social insects' cue chemistry suggest that recognition cues are normally specific to colonies, rather than to individuals (Lacy and Sherman 1983) , and that recognition cues commonly rely on both genetic (endogenous) and environmental (exogenous) cues (Carlin and Hölldobler 1986; Gamboa, Reeve, and Pfennig 1986; Singer and Espelie 1992; Dani et al. 2001; Dronnet et al. 2006) . Thus, recognition cues can be acquired exogenously from food and communal nesting materials, but they can also be produced endogenously either through cytoplasmic transfer of maternal cues or produced by the individual itself (Downs and Ratnieks 1999; Liang and Silverman 2000) . The larvae tested in our experiments had not previously encountered conspecifics: They had hatched and were maintained in complete isolation until the experiments. Moreover, parents were fed identically with beef meat at the same frequency, and A. bilineata larvae do not feed before closing their entrance hole (Fuldner 1960) . Thus, the kin recognition cue is not related to food consumption. Neither social nor environmental influences from parents or sibs can be responsible for the kin recognition cue produced and the following decisions of the larvae. The cue is therefore endogenous. Additionally, in a previous experiment, we showed that whatever the parental relatedness between cousin larvae (maternally or paternally related larvae), the resident larvae was always recognized (Lizé et al. 2007) , indicating that the kin recognition cue is not transmitted via maternal cytoplasmic transfers. Thus, the kin recognition cue used by A. bilineata first instar larvae must be self-produced endogenously.
Durability of kin recognition cues
The cue carried by larval plugs was short lived: Its effect on kin recognition disappeared 24 h after the plug secretion on the host puparium. Indeed, when the plug was 24-h old, A. bilineata larvae parasitized equal proportions of healthy hosts bearing a sib or an unrelated larva plug. These results suggest that chemicals inducing kin recognition may change rapidly through either catabolic reactions, such as oxidation or other chemical reactions, or less probably by evaporation. In the literature, short-lived cues are not considered as good candidates for mediating kin recognition because they might disappear rapidly, leading to their inefficiency in allowing kin 636 Behavioral Ecology recognition (Hepper 1991) . In our experiments, the host parasitization process lasts 72 h allowing larvae to estimate the host quality, pierce their entrance hole (12-36 h), and plug it (6-12 h). Here, we show that kin recognition expression disappears 24 h after the end of the plugging process. Thus, 96 h (72 1 24 h) after the beginning of the parasitization process, the kinship status of the resident larva is no longer recognized. Interestingly, it takes 96 h for a resident larva to molt into second instar (Fuldner 1960) , and A. bilineata larvae refuse hosts parasitized by conspecifics containing second instar competitors . Therefore, in this species, superparasitism can only occur while resident larvae are still at the first instar. In these conditions, the use of a short-lived kin recognition cue restricted to the first instar period would still be highly adaptive.
In conclusion, the present results describe the chemical properties of a kin recognition cue excreted and used by tiny solitary first instar larvae. Further bioassays are needed to determine the chemical composition of the kin recognition cue and whether these compounds are family specific. In future experiments, we hope to be able to locate the kin recognition cue production site by analyzing pooled extracts of the larval pygidial glands. Investigating the 3 components of a kin recognition system (cues, mechanism, and behavioral decisions) is essential for a wide comprehension of social evolution.
FUNDING
PhD grant from the French Ministry for Research to A.L.
We are grateful to J.-P. Christides and C. Paty for their technical help and anonymous referees.
